f 

A 

I 

AD/A-004  08  0 

R II  P L II  C T A N C 17  AND  KMITTANC  P 
M A T II  R 1 A LS  AND  0 O A T I N GS 

OP  SLLPCTIID 

M a r t i n D o n a l>  e >1  i a n 

Aerospn  c o C o r p o r a t i o ii 

V 

J 

Prop  a fed  tor: 

S p a i’  i'  nnJ  Missile  S y s t e m s Or  <.)  e nidation 

13  January  1975 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
II.  S.  DEPARTMENT  OF  COMMERCE 


D.  Willens,  [director 
Vehicle  Design  Subdivision 
Vehicle  Engineering  Division. 


cl 


A.  L.  Djungwe,  Associate 
Di  recior 

Pc-\  c-iOpment  and  Su rvivability 
Technology  Division 


Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchange  and 
stimulation  of  ideas. 


JJCXcroCV  V/  . rl 
D.  W.  Melanson,  1st  Lt,  , US AF 
Project  Officer,  Space  Defense 
System  Directorate 


:X3vl 


SECuRl  T\  CLASSIFICATION  OF  THIS  PAut  f»7i»n  lint  Enltrtd) 


REPORT  DOCUMENTATION  PAGE 


1 Hf  POR  T NUM3I  R 


KKAt)  INSTRUC  TIONS 
HKFONfc  CwiV.I’l.FTlWC,  FORM 


? GOVT  ACCESSION  NO.  3 MTCiPiInT'S  CAULOti  NUMOEH 


SAMSO-TR-7  5-24 


4.  TITLE  (And  5ub(l(lo) 

RFFLFCTANCK  AN  P FM1TTANCF  OF 

sflkctkd  matlrials  and  coatings 


All  T HOR|  m) 


5 TYPE  or  Rl  f'ORT  ft  rtRIOD  COVERED 


Final 


6 PtRroFIMlUG  OBG  Rl»OR1  NUMOE.R 

1 K-007S(  51 8T  ) - 2 


e contract  or  grant  numbspiu 


M.  Donabedian 


1 ' C-i  7 0 ] - 74  - C - U U 7 b 


9 PERFORMING  onGANirATlOH  NAME  AND  ADDRESS 

The  A<  r os puce  Corporation 
El  Segundo,  Calif.  ')0  24r> 


Ip.  PROGRAM  E l EMEN1.  PHOjti'  I . task 
AREA  v*  WORK  UNIT  NUMBERS 


II  CONTROLLING  0>‘F|C8.  NAME  AND  ADDRESS 

Space  and  Missile  Systems  Organization 
Los  Angeles  Air  Force  Station 
Los  Angeles,  Calif.  40045 


l*  MONlTOR'NG  AGENCY  NAME « AO  O R LSSf/ ' dl  tltitn  l iron  Control ' :,-,g  o//l  c»)  '5  S f C U Rl  T Y Cl.  ASS-  fnl  thlt  import) 

F nol  n s S’  fied 

T».  PeTl  a'sSi  FiC  ATION  DOWNGRADING- 
schedule 


16  OISTRIBU'ION  statement  r.|  Ihlt  Rtpcl) 


Appro  .ed  for  public  release ; distribution  unlimited. 


17.  Dl  !>T  Rl  Ro  TlON  STATEMENT  rot  rh*  abstract  entarad  In  Blcr‘-  20,  It  dlftarant  from  Raport) 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 


Ui  I»|.f  o"m  M .1  C-n'm,,, 

Sflioobrl  J \A 


’0  SUPPLEMENT  ARY  NOTES 


PRICES  SUBJECT  TO  CHANGE 


19-  kCy  WORDS  fConffmi*  on  reverse  elda  If  necaaaery  and  identify  by  block  nun'. bar) 


solar  cells 

second  surface  mirrors 
black  pa ini s 
anodised  aluminum 


infrared  signatures  directional  reflectance  solar  cells 

solar  absorptance  directional  emittance  second  surface  mirrors 

spectral  reflectance  aluminum  black  paints 

spectral  emittance  titanium  anodized  aluminum 

hemispherical  emittance  whifc  paints 


20  ABSTRACT  (Continue  on  ravarae  aida  It  necaaamry  *nd  Identity  by  blncjr  number) 

A literature  review  was  made  to  provide  the  reflective  and  thermal  radiative 
properties  (emittance)  of  a number  of  selected  materials  and  surface  coatings 
applicable  to  a few  specific  satellites.  With  the  data  provided,  the  infrared 
radiation  signature  for  each  surface  mav  be  evaluated  from  both  a spectral 
and  directional  basis.  Properties  defined  include  solar  absorptance,  normal 
and  hemispherical  emittance,  spectral  reflectance  and  emittance,  and 
directional  (angular)  reflectance  and  emittance.  1 er'inent  data  which  aid 
in  pr*  ' icting  degradation  of  the  solar  absorptance  in  the  space  environment 


SECURITY  CLASSI'  ICATION  Of  This  PAOEn*7l»n  Pmtm  gnl-ynd) 


*0  ABSTRACT  (Continued) 

arc  also  prc  sented.  The  selected  materials  include  aluminum  alloy  60ol, 
titanium  alley  OAl-tV,  beryllium,  various  titanium  dioxide  and  zme  oxide 
pigmented  (white)  coatings,  solar  cells,  optical  solar  reflectors  (second 
surface  mirrors),  using  both  rigid  and  tlexible  substrates,  black  pigmented 
coatings,  and  clear  a, id  black  anodized  aluminum  coatings, 


__  1IK  CLASS  ULL5JJ 

SECURITY  Cl,  ASSI  r, NATION  Of  THIS  9 AOIlUtu.r.  Dele  tnUfHl.' 


This  report  document s research  initialed  by  The  Aerospace 
Co r porat ion  1 s Space  Defense  Dii'cctot.itc  of  (In1  Technology  Division  and 
carried  ov:l  by  the  Vehicle  Engince r it. a Division,  It  should  be  clearly 
omphasi/.ed  thm  this  report  is  not  intended  as  a general  reference  for  radi- 
ative and  optical  properties  of  materials.  Rather,  it  represents  a compila- 
tion ot  onlv  seleeled  mateiials  and  properties  organi/.ed  solely  for  use  as  a 
preliminary  guide  in  a specific  AE  study  wherein  one  of  the  purposes  is  to 
evaluate'  signatures  of  selected  satellites. 


CON  l'KNTS 


PREFACE  

p INTRODUCTION 


n. 

m. 


0,,,-lCAl.  AND  n'.KKMAl.  KAOIATIVK  PKWKBTiBS 

OPTICAL  ANU  TUEKMAU  UADIAT.VK  WtOI-EHT!  <S 



references  . 

lUlUROGRAlTlV 

KuVcTUOMAGNEriC  THEOR Y 
nomenclature 


I 

7 

9 

1 5 
17 


A. 

Metallic  Surlai  

25 

It. 

3 5 

C. 

Clear  Anodized  Aluminum 

D. 

Optical  Solar  Reflectors  (Second  Sunace 

37 

E. 

45 

e,  i 


aiwmx  burvacb  RADIATION  l'KOI>BKTU--.S  FROM 5, 

EEECTROM  AC1NL  1 1C  ll.i.OR^ 

57 


T ARLES 


1. 

2. 

3. 

4, 


Calculated  Directional  Emittame  for  6061  Aluminum  • 

White  Paint  s Suitable  for  Spacecraft  Thermal  Oontro, 

Representative  Rlach  Paints  Used  for  Spacecraft 
Thermal  Control 


Solar  /rbsorptt 
Aluminum  and 


.u,  e and  Hemispherical  EnuUanee 
Silv<-r  Op' iral  Solar  Reflectors  . 


of 


?.l 

26 

33 

40 


ft  acedia  page  blank 


-3- 


FIGURES 


1.  Sol.ii  Spool  rum  at  Zero  Air  M mu 12 

2.  Ideal  Representation  of  Four  basic  Su  ri ,i e o' and 

1 ’ roil  uc  t i on  Materials j (, 

3.  Normal  Speetral  Ketleetanee  ol  Various  Aluminum 

Alloy  60nl  Specimens IS 

d.  Normal  5pectral  Reflectance  for  Aluminum  Alloy  6061  in 

5.  Normal  Speetral  Reflectance  for  Two  Titanium  Allocs jo 

6.  Di  “cot  i inal  Knutt  jih  e Variation  tor  Several  Metals 20 

7.  Ratio  of  Hemispherical  to  Noini.il  Emissivity 22 

H.  Effect  of  Wavelength  on  Directional  Emissivity  of 

uu i e Titanium , 23 

9.  Normal  Spectral  Reflectance  of  13  e ryllium 2d 

10.  Change  in  Normal  Solar  Absorptancc  of  Zinc  Oxide 

Pigmented  Coating, s 27 

I.  Change  in  Solar  Absorptanee  of  White  Thermatrol  Paint 28 

12.  Speetral  R e I le . t a i'.  ce  for  DC  92-007  While  Paint 28 

1 I.  a : mal  Speetral  Reflectance  for  S- 1 3G  While  Paint 29 

Id.  Normal  Spectral  Reflectance  for  While  Thermatrol  Paint 29 

15.  .Spectral  Reflect anee  of  PV-100  White  Paint 30 

1 t>.  Directional  Emit  lance  Data  for  Several  Electrical 

Nonconductors. _ 

17.  Normal  Spectral  Emitlanee  of  GE  DdD  Aluminum  Paint 32 

18.  Normal  Spectral  Reflectance  for  TRW  Aluminum  Paint 32 

19.  Directional  Spectral  Emitlanee  of  3M  black  Velvet  - 401 

Paint 34 


-d- 


1 ' LCiU  K]  S ( C’ 1.1  nl  i nucd) 


20.  Solar  Ausorplance  ol  Flack  Anodized  Alumimmi 3.4 

2t.  Spoil  ral  Rcllcc  I ar.c  o ami  T1M.1l  Normal  KmilUm  r ut 

l3la«.  k Anodized  Aluminum 3 ,j 

22.  I0l.1l  Normal  Emit  lance  ot  A nodi  zed  Aluminum 3S 

2 3.  Total  Hemispherical  Emittance  and  Ahsorpkttu  r Y tarsus 

'1  rmpo raturc  of  Anodized  Aluminum 3d 

2-1.  Solar  Ahsorptance  Degradat  ion  of  Amuli/.ti  Aluminum 

Coat  ings 3') 

23,  Spot  1 ral  Kfllrt  U'U'r  of  Anodized  Aluminum 3'? 

2t>.  Normal  Spot  t ral  Urilrt  lain'r  for  a Sroiiid  Sort. tec 

M 1 r ro  r 4 1 

27.  Directional  Spectral  Emittance  of  Aerojet  Second  Surface 

M i r ro  r 41 

2S.  Di  reel  ioual  Spectral  Emittance  of  Aerojet  :k  t ond  Surface 

M i r ro  r 42 

29.  Spectral  Ab  so  rpt  unit-  of  Siltt  r Coated  Teflon 47 

30.  Normal  Emit!. moo  of  EE]’  Teflon  vs  'Thickness 44 

31.  Normal  Spectral  Reflectance  of  Aluminized  Mylar 44 

32.  lveflet  lance  of  0.  3 -Ml  k-i\1et  al  1 i /.ed  Mylar 45 

33.  Apparent  Den  1 adat  ion  of  Aiumini zed  1 MU.  FE!’  Teflon 4b 

34.  Specl  ral  Reflectance  Changes  in  Ka.pt on  11  Film,  Following 

Exposure  to  Ultraviolet  Radi  'tion 46 

35.  Normal  Spec t ral  Kotloctanec  of  Cent  ralab  Solar  Cell 47 

36.  Directional  Spectral  Emittance  for  Aerojet  Solar  Cel!  at 

37  3°  K '. 48 

37.  Directional  Spectral  Emittance  for  Aerojet  Solar  Cell  at 

200"'  K 48 


-5- 


].  INTUODl'fl  ION 


In  ord'T  to  predict  the  infrared  signature  (i.e.  , unique  emission 
eha  raet  c ri  st  ies ) ol  a particular  spacecraft  it  is  necessary  to  obtain  ic-rtain 
basic  properties  ol  external  spaeeeralt  surfaces.  All  satellite'  materials 
exhibit  reflectance  and  omittance  c ha  rae  f e rist  i > s that  can  make-  the  vehicle 
detectable  by  certain  sensors  ope1  rating  in  a particular  spes  t ral  regieni.  In 
tlu-  visible  through  near-inl  rared  spent  rum. , the-  dete'et  ahil  it  ^ ol  a satellite 
is  a function  of  the  direction  and  intensity  of  tlu  seilar  energy,  e-arth  alhedo, 
and/or  artificial  illumination  e*m*rgy  re-fleeted  by  the  external  surface  of  the 
vehicle.  .Similarly,  in  the'  thermal  or  tar  infrared  regions  of  interest  in  this 
study,  the  radiated  energy  primarily  det  e- rmi  1 1 e - s the-  de  1 eu  i ahil  it  y . 

Detectability  is  based  eni  a geome-t  rie  dose  riplieui  of  the  sateTli'c  and  a 
gene't-al  description  of  tile'  1 he  rmoph  y s i cal  properties  ol  the-  vehicle*  surfaces 
t oget  he1  r wit  h the'  basie-  orbital  paranu-ters  and  iute*i*nal  heat  ge'iie'j-at  iein  rates. 
J or  au  accurate*  repre  sentation  ot  infrare'd  signatures,  the’  sivi"  ral  and 
directional  charaet  e rizat  ie>n  of  the  surface*  rel’l  ee  t ane  e*  e>r  emiltaucc  should 
he*  included.  The  dot  e*  rminat  ion  the'Se'  p reipe- rt  ie*s  fen-  a sclented  group  eil 
materials  and  ceiatings  was  ilu-  primary  purpose  oi  this  study. 

For  further  discussion  of  the  theory  of  radiative*  prope*rt  ic  s , the  reader 
is  dire’erte'd  to  the  source's  lisle  cl  in  the-  Mihliog rapliy . 


*■> 


Preceding  page  blank 


II.  OPTICAL  AND  T1  IKK  MAI.  RAD1ATIVK  PROPKK  I IKS 


Iji  order  thM  present  .'it  ion  of  data  be  as  elear  as  possible,  the 
properties  utilized,  their  corresponding  definitions  and  symbols  ate  sum 
ma  ri  zed  lie  re  . 


Kmittanee  (<.) 


Reflectance  (p) 


Absorptanee  (•>) 


Ratio  of  tli<‘  radiant  emission  per  unit  area  of 
the  specimen  to  that  emitted  by  a blaekbudy 
radiator  a*  tb.e  same  temperature. 

Ratio  of  reflected  radiant  flux  <o  ineident  flux, 
a lunction  of  radiation  wavelength  ami  surface 
1 empe  rat ur  c . 

Ratio  of  the  absorbed  radiant  flux  to  the  inoi 
don!  flux,  a function  of  radiation  waveR  .igth  and 
surface  temperature . 


The  following  terminology  is  used,  to  qualify  these  basic  properties  in 
terms  of  the  wavelength. 


Speeiral,  \ 


Total,  T 


Integrated 


Sola  r , s 


function  of  wavelength  usually  in  a narrow 
band  of  wavelengths  (also  referred  to  as 
mono  eh  romat  ie). 

Ordinarily  refers  to  emitta.iee  onlv.  The  tem- 
perature of  (tie  specimen  should  lx-  specified 
since  the  total  t.  mitt  nice  varies  with 
tempi’  rat ure . 

Relative  to  some  specified  wavelength  distribu- 
tion or  specified  band. 

Having  the  wavelength  distribution  oi  ui  approx- 
imating the  sun.  When  used  in  conjunction  with 
o the  spectral  absorptane.  of  the  specimen  lias 
been  integrated  over  the  wavelength  distribution 
of  the  sun. 


In  addition,  a number  ol  geometric  subscripts  or  cjualil  iers  associated 
with  the  incident,  reflected  or  emitted  tluxes  are  also  utilized  as  follows: 


Normal,  N Conditions  for  viewing  through  an  angle  0 that 

is  essentially  normal  to  the  specimen. 


Preceding  page  blank 
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/insular  (directional!  Conditions  tor  viewing  at  soon-  n gl  c 0. 

1 1 01 :1\ S phe  r ir  al  , II  ( lend  i l i o ns  for  ini  idcnrr  or  viewing  0\.?f  0 

hemisplu  i io.il  region  (i.o.,  ?.n  ste  radi  ins  ) . 

lor  analysis  of  infrared  s icnafu  r es  . the  angular  (direr*  ional ) and  spec- 
tral emrtiunce  jS  o!  primary  interci-i.  Detailed  t mitt  .rice  data  on  all  of  the 
mater  ials  of  interest  are  limited.  However,  the  omittance  of  a materia1  sur- 
face car,  bt  related  to  other  opi'cal  properties  which  *rv  more  easily  obtained 
or  more  readily  avail. ble.  Without  going  into  the  details  of  the  proof  ft  jm 
Kirchoffs  law,  it  follows  that  to t an  opaque  material  in  equilibrium  vvitl  its 
environment : 


i (\,  I . 0)  ' a(\,  'l  , 0) 

t(\,T,0l  : 1 - p(\,  T,  0) 

In  other  words  if  the  properties  are  evaluated  at  the  same  temperature  , , 
wavelengths  and  angles  ot  incidence  or  viewing,  *he  omittance  is  equal  to  the 
absorptanco ’ and  the  omittance  is  equal  m one  minus  the  reflect anec  , Tims, 
under  properly  controlled  conditions,  measurement  of  the  angular  (directional) 
spectral  reflectance  is  equivalent  to  measuring  the  angular  (direction.!,)  spec- 
tral omittance.  The  resulting  :.etur.»cy  from  this  assum  ption  is  ndcqu  ite  for 
mas1  engineering  applications  and  is  considered  satisfactory  for  this  sandy. 

The  values  given  for  total  omittance  (ei*h“v  normal  or  hemi  s phe  ii  c al ) 
for  the  various  materials  and  coatings  in  this  report  are  generally  defined 
for  some  nominal  temperature;  either  at  room  temperature,  at  70r’l',  or  some 
other  soecific  temperature,  depending  on  the  sc  jrro  and  conditions  under  which 
the  daia  wort*  obtained.  I’.ascd  on  the  spectral  cmitfar.re  data  given  for  these 
materials,  the  total  omittance  ran  be  computed  for  any  other  temperature  de- 
sired by  calculating  the  blackboJy  characteristics  s given  by  Planck's  law. 

The  actual  power  emitted  or  absorbed  is  obtained  by  taking  the  product  of  the 
blnckbody  radiant  intensity  and  the  omittance  at  each  wavelength.  The  total 
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omittance  is  then  determined  by  integrating  tins  product  over  nil  wavelengths 
and  dividing  by  tlie  blackbodv  energy  over  the  s.  n.<‘  wavi'li-ngllis. 

Many  rxperinionf.il  techniques  tor  measuring  the  thermal  radiative 
properties  of  materials  have  be  en  described  in  ‘he  literature  and  tin  attempt 
will  be  made  to  discuss  tbe  methods  or  instruments  in  detail  here.  It  will  be 
noted  onlv  that  the  methods  fall  in'o  two  general  i ategorics  , radiomelrie  and 
calo  r ' met  tie  . In  calorimetric  t ei  htiiqut  s tin  r..tban‘  tlnv  absnrbed  nr  emitted 
is  evaluated  in  terms  ofbe.it  lost  or  gained  by  the  sample.  In  radiometric 
techniques,  the  radian-  flux  is  measured  directly  or  compared  with  a cali- 
brated reference  saniok’. 

Calorimetric  methods  generally  tend  to  he  rela'iv.  Iy  simple  bu‘  nt 
lower  precision,  while  radiometric  methods  require  more  elabora'e  equip- 
incnt  and  are  canable  of  higher  precision  but  suhicct  *o  svs*etuat  ie  errors 
that  can  be  diffirul*  to  evaluate.  Calorimetric  methods  art'  u«ed  m measure 
absovp'anee  and  emittarce  (usually  the  total  hemispherical  emittar.ee'  and  an- 
mot  suitable  for  direct  n.va  ni  reiiu;ni  of  tifUe'aiut  . 

Hrjdiomet  rie  methods  measure  the  emitted  or  incidtnre  radian*  ’dun 
directly  ns  a function  of  angle  from  the  normal  and  for  wavelength  Thus, 
absorptance,  spe-fral  a. id  directional  reflectance  and  emittanre  on'ocrli''. 
can  be  determined.  In  the  . as*'  ui  ivaiur.Ong  solar  absorptanee  < t ‘he 
spectral  reflve'anee  is  integrated  o.l  an  cneigy  weignied  oasis  us’ng  the  solar 
spectral  distribuDon  su-'h  as  shown  in  I"  gates  1 ;alatul(b)  from  e!s.  1 and  Z. 
re:,  pe efivelv. 

When  the  emittanre  is  the  property  of  interest,  measurements  are 
usually  taken  at  near -normal  nuidcnce  and  lienee  the  value  of  th<‘  normal 


.lolmson,  I . S.  , "The  Solar  Consrant  J.  of  Mc'eorolugv,  \’ol.  II,  Decem- 
ber 19  id. 

^Stark,  H.,  "Thermal  Testing  of  Spacecraft Report  No . TOR  ■ 0 1 7 2(ddd  1 - 0 1 1 4, 
The  Aerospace  Corp.  , III  Scgundo,  Calif.  , September  lc'7l. 


cniittancc  (f^)  is  obtained  cither  on  a spectral  or  total  basis.  Although  the 
directional  omittance  can  also  be  obtained,  it  is  nut  ordinarily  measured  in 
the  longer  (TR)  wavelengths. 

In  these  cases  the  normal  omittance  (*^1  is  used  to  estimate  the  hemi- 
spherical omittance  («jj)  based  on  ratios  of  < to  € ^ fh.at  have  been  estab- 
lished tor  similar  materials  cither  on  an  experimental  or  analytical  basis. 
Given  and  e^,  together  with  various  optical  constants  of  the  material, 
directional  omittance  can  then  be  computed  (although  quite  complex)  from 
electromagnetic  theory  (Ref.  3).  These  derivations  are  quite  lengthy  and 
thus  arc  not  included  in  this  report.  However,  a summary  of  the  significant 
equations  are  provided  in  the  appendix.  The  interested  reader  is  directed 
fm  ther  to  specific  texts  0,1  radiative  heat  transfer  cited  in  the  bibliography. 

In  some  applications,  a rigorous  analytical  treatment  of  the  radiative 
energy  interchange  between  surfaces  requites  knowledge  of  the  reflectance 
distribution  function  which  provides  the  flux  reflected  in  a particular  direc- 
tion as  measured  by  angles  G and  <p  relative  to  the  flux  incident  from  some 
fixed  direction.  (See  sketch) 


Bidirectional  Angles  for  an  Area  Klement 


3 

Herring,  R.  G.  and  T.  F.  Smith,  "Surface  Radiation  Properties  from  Floc- 
tromagnetic  Theory,"  Int.  J.  Heat  and  Mass  Transfer,  Vol . 11,  pp  1 567-71, 
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This  reflectance  is  termed  the  bidirectional  reflectance . In  the  case 
of  signatures  in  the  visible  and  near  infrared,  the  solar  energy  reflected  from 
an  object  in  spare  is  of  primary  interest  and  bidirectional  reflectance  data  is 
obviously  important. 

In  contrast,  in  the  case  of  the  thermal  or  bar-infrared  signatures  of 
interest  for  this  study,  self-emission  of  external  surfaces  of  objects  pro- 
vides the  predominate  source  of  energy  and  bidirectional  reflectance  data 
is  of  less  significance.  Also,  as  the  wavelength  increases,  the  magnitude  of 
the  surface  roughness  dimensions  become  smaller  relative  to  the  wavelength 
dimensions  and  the  bidirectional  reflectance  effect  is  diminished. 

Another  factor  is  th<  complexity  and  quantity  of  data  required  for  appli- 
cation of  bidirectional  reflectance.  If  the  bidirectional  reflectance  of  a sur  - 
face  is  mapped  at  reasonably  close -spaced  angular  increments,  a rather  large- 
set  of  numbers  is  required.  For  example,  in  a case  where  polar  increments 
are  set  at  10°  (fl  and  O']  and  the  azimuth  increments  uM  are  set  at.  20°,  there 
are  1458  (i.e.  , 9 X 9 X 18)  individual  reflectances  required  ior  just  one  wave- 
length. As  the  wavelength  regions  or  bands  of  interest-  are  increased,  the 
number  of  data  points  for  each  surface  of  interest  becomes  substantial. 

Iberefore,  due  to  these  factors  and  the  relatively  large  number  of 
materials  involved,  the  inclusion  of  bidirectional  reflectance  data  was  con- 
sidered to  be  beyond  the  scope  of  this  preliminary  study. 


III.  OPTICAL  AND  THERMAL  RADIATIVE  PRO  PER  TILS  DATA 


Idcal’y,  thermal  control  surfaces  can  be  divided  into  four  basic  classes: 
solar  absorbers,  solar  reflectors,  flat  absorbers  and  flat  reflectors,  as 
illustrated  in  Figure  2 from  Ref.  1.  The  solar  absorbers  are  primarily 
polished  metals  which  exhibit  a high  a ^ and  a relatively  low  a in  the  longer 
IR  wavelengths.  Flat  absorbers  such  as  black  paints  generally  exhibit  a 
high  (y  over  both  the  solar  and  IR  wavelengths.  This  character istie  is  also 
typical  of  solar  cells. 

Plat  reflectors  which  exhibit  a relatively  flat  but  moderate  O'  over  the 
wavelength  range  through  the  IR  are  typical  of  aluminum  paints.  Solar  re- 
flectors with  a low  a and  a high  < in  the  IR  region  are  typical  of  specifically 
developed  white  paints  and  second  surface  mirrors  which  care  .also  referred 
to  as  optical,  solar  reflectors  (GSR's).  Tin'  GSR's  consist  oi  vapor  deposited 
.silver,  aluminum  or  gold  overlaid  with  clear  transparent  layers  of  fused 
silica,  Teflon,  Mylar,  etc.  The  transparent  layer  allows  transmission  of 
solar  energy  to  the  metal  film  where  a large  percentage  of  it  is  reflected. 
This  transparent  layer  is,  however,  relatively  opaque  in  the  IR  wavelengths, 
and  therefoie,  exhibits  a high  omittance.  Thus,  the  OSR  composite  reflects 
most  of  the  solar  energy  while  ai  the  same  time  providing  an  efficient  radi- 
ator to  maximize  heat  rejection  capability. 

In  a space  environment,  the  white  pap  ts  exhibit  the  least  stability 
(i.e.,  they  exhibit  an  increase  in  c*  ) while  the  second  surface  mirrors  tend 
to  be  the  most  stable.  (Quantitative  data  are  presented  in  Paragraphs  III  - 
and  III  - If). ) The  significance  of  this  is  that  with  white  paint  the  equilibrium 
temperature  of  a spacecraft  surface  increases  with  time  on  orbit.  A vari- 
ation of  the  conventional  second  surface  mirror  involves  anodized  aluminum, 


Broadvay,  N.  J.  , "Radiation  Effects  Handbook,  Section  2,  Thermal  Control 
Coatings,"  NASA -CR- 1786.  Prepared  by  Battclle  Memorial  Institute, 
Columbus,  Ohio,  June  1971. 
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SOLAR  ABSORBER 


WAVELENGTH,  microns 


wherein  a transparent  aluminum  oxide  film  is  chemically  formed  on  a bright 
polislicd  aluminum  substrate.  The  stability  of  this  surface  tends  to  be  some- 
what bettor  than  most  of  the  while  paints  (quantitative  data  are  presented  in 
Paragraph  III  - C ) . 

For  the  purpose  of  presentation,  data  are  grouped  into  the  following 
material  categories:  metallic  surfaces,  coatings  of  white,  black,  or  alumi- 
num pigments,  anodized  aluminum,  second  surface  mirrors  and  solar  cells. 

A.  METALLIC  SURFACES 

The  normal  (i.e.  , 90  degrees  from  the  surface)  spectral  reflectance 
of  various  aluminum  alloy  6061  specimens  is  shown  in  Figure  3,  based  on 
Ref.  5.  The  strong  influence  of  the  surface  characteristics  of  the  specimens 
on  reflectance  is  clearly  visible.  A second  source  of  data  (Ref.  6)  is  pre- 
sented in  Figure  4 for  6061  aluminum  plate  with  a surface  condition  defined 
as  unpolished  as  received  from  the  supplier.  For  this  specimen,  a - 0.37 
andf^  = 0.042  at  room  temperature.  These  will  be  the  assumed  char- 
acteristics for  606  1 -A1  unpolished  surfaces. 

Normal  spectral  reflectance  for  two  commonly  used  titanium  alloys 
(6A1  - 4V  and  561-2.5  Sn)  are  presented  in  Figu r e 5 . Data  from  Re'.  5 fo r 
6A1-4V  did  not  specify  wavelengths  beyond  four  microns,  thus  the  curves 
shown  for  this  alloy  for  wavelengths  beyond  four  microns  has  been  estimated 
to  be  the  same  as  that  shown  for  the  5A1-2.  5Sn  alloy  since  the  difference  in 
reflectance  values  between  specimens  of  titanium  at  the  longer  wavelengths 
tend  to  be  relatively  small.  The  unpolished  6A1-4V  specimen  is  selected  as 
the  baseline  titanium  alloy  with  properties  of  ~ 0.  57,  - 0.  Id  from 


5 

Touloukian,  Y,  S.  , et  al, "Thermophysicnl  Properties  of  Matter,  Thermal 
Radiative  Properties, "Thermophysical  Properties  Research  Center,  Fkirduc 
Univo-sity,  197?. 

6 

Thermophysical  Properties  Measurenicnt,  Unpublished  Data,  TRW,  Redondo 
Beach,  California. 
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Ref.  5.  and  is  assumed  to  have  the  same  reflect  a nee  properties  beyond  four 
rnicrons  as  that  shown  for  the  5Al-2.5Sn  specimen,  from  Ref.  7. 

No  angular  (directional)  reflectance  o r emit  t a nee  data  were  available 
for  cither  of  the  specific  aluminum  or  titanium  alloys.  However,  represen- 
tative data  for  several  metals  are  presented  in  Figure  6 (Ref.  8).  In  gen- 
eral, all  metals  follow  the  same  form  as  shown  in  Figure  6:  i.e.  , < remains 
quite  uniform  at  angles  less  than  dO"  and  then  increases  sharply  at  larger 
angular  inclinations.  Although  the  exper imen! al  data  shown  were  not  carried 
out  to  90",  the  directional  omittance  would  approach  zero.  In  general,  the  per 
centage  increase  in  « with  increasing  angle  is  more  pronounced  when  the  value 
of  i is  low.  This  is  opposite  to  that  for  nonconductors  (o.g.,  glass,  paints, 
plastics,  etc.),  wherein  the  omittance  normally  is  quite  uniform  up  to  about 
50"  and  then  decreases  with  large  angles  of  0 away  from  the  normal. 


CO 


ANGLE  Of  EMISSION  9 
40  20  0 20  40 


60 


— tg  DIRECTIONAL  EMITTANCE 


Figure  6.  Directional  Emittance  Variation  for  Several  Metals  (Ref.  8) 


7 

Cubareff,  G.  G.  , ’Thermal  Radiation  Properties  Survey 2nd  Ed . , Honey- 
well Research  Center,  Minneapolis  - Honeywell  Regulator  Co.  , Minneapolis 
Minn.  , I960. 

y 

Schmidt,  E.  and  Eckert,  E.  , "tJber  die  Richtungsverteilung  der  Warme  • 
strahlung,"  Forsch.  Gcbeite  Ingenieorwescn,  Vol.  6,  1935. 


-20- 


Based  on  Figure  6,  the  directional  omittance  tor  aluminum  at  angles 
less  than  40°  corresponds  reasonably  well  with  the  fjj  and  « values  defined 
for  the  6061  specimen  in  Figure  4.  Thus,  as  an  approximation,  it  can  be 
assumed  that  the  directional  emittance  variation  given  for  A1  on  Figure  6 can 
be  applied  to  the  normal  spectral  omittance  values  given  on  Figure  4.  On 
this  basis,  the  ratio  of  « ^ / c ^ and  the  corresponding  value  of  can  be  esti- 
mated as  shown  in  Table  1. 

For  metal  surfaces,  the  ratio  of  * j p / * jsj  PoncrnBy  greater  than  1.0. 

Although  tins  ratio  can  be  calculated  from  electromagnet ic  theory,  an  empir- 
ical relation  is  given  in  Figure  7 based  on  measured  data  as  a function  of  the 
normal  emittance.  Although  no  directional  emittance  data  were  found  for  the 
specific  titanium  alloy  of  interest  (i.e.  , 6A1-4V),  directional  spectra!  data 


Table  1.  Calculated  Directional  Emittance  for  6061  Aluminum 


Angle  front  *q 

Normal  (0)  (front  Figure  6) 


0 

0.04  ( 

20 

0.04 

40 

0.041 

50 

0.  044 

60 

0.  050 

70 

0.  065 

80 

0.  105 

90 

0. 00 

V'N 

. f..-  /.fl/.l  A 

IWi  V O » * L 

(front  Figure  6) 

<«N  = 0.033F 

1.  o 

0.  033 

1.0 

0.  033 

1 . 02 

0.  034 

1.  10 

0.  036 

1 . 25 

0.  041 

1 . 62 

0. 054 

2. 62 

0.086 

0.  00 

0.00 

Based  on  « ^/« ^ 


= 1,28  for  metallic  surfaces  and  ijj 


0.042. 
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Figure  7.  Ratio  ot  liemisphcr ical  to  Norm.  . Kinissivity 
(Ref.  7} 

for  pure  titanium  are  illustrated  in  Figure  8 (Ref.  9).  At  very  short 
wavelengths  it  can  be  seen  that  the  directional  spectral  omissivity  actually 
decreases  with  increasing  angle  0 which  is  somewhat  contrary  to  the  normal 
behavior  of  metals  as  predicted  by  electromagnetic  theory.  However,  for 
the  region  of  interest,  i.e.,  the  longer  IR  wavelengths,  the  omissivity  does 
increase  with  increasing  tl.  the  directional  omittance  for  Ti-6Al-4V  can  be 
estimated  utilizing  the  combined  data  presented  in  Figures  5,  7,  and  8. 


i 


y 

Edwards,  D.  K.  , and  Ivan  Catton,  "Radiation  Characteristics  of  Rough 
and  Oxidized  Metals,"  Advances  in  Thermophysical  Properticr  at  Extreme 
Tempc rature  and  Pressures,  ASME,  1969,  pp.  189-199. 
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i lgvire  8.  Effect  of  Wavelength  on  Directional  Emissivity 
of  Pure  Titanium  (Kef.  9) 

Beryllium  is  used  for  a wide  variety  of  purposes  including  heat  shields, 
optical  mirrors  and  in  nuclear  reactor  technology  as  a neutron  reflector  sur- 
face. Spectral  reflectance  data  from  Kef.  5 are  presen. ed  in  Figure  9 mr 
an  extruded  sample  of  beryllium.  The  total  normal  omittance  («^)  for  tin's 
sample  is  computed  as  0.  14  at  500°  F,  The  correspondmg  value  for  is 
estimated  as  0.  17  utilizing  Figure  7 as  a basis.  The  <r  for  beryllium  is 
assumed  to  be  0.70,  from  Ref.  10. 


/ Q 

Gaumer,  R.  E.  and  E.  A.  McKeder,  "The  mini  Radiative  Control 
for  Spacecraft,"  EMSC-704014,  Lockheed  Missiles  and  Space  Co 
Match  1961, 
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COATINGS 


1.  SOLAR  K Ml  LECTORS  - WHITE  PAINTS 

A number  of  white  paints  have  been  developed  which  are  utilized  as 
solar  reflectors.  A listing  of  some  of  the  iiioie  common  ones  .are  presented 
in  Table  2.  All  of  these  coatings,  however,  are  degraded  to  different  degree 
by  the  space  environment.  The  pc  in',  ary  damaging  factors  include  l!V  radia- 
tion, electron  and  proton  bombardment  and  nuclcai  radiation.  The  change  in 
solar  absorptance  (»  ) of  three  common  zinc  oxide  pigment*,  d coatings,  i.c.  , 
7- 93,  S-13  and  S-13G,  as  a result  of  exposure  to  ->arious  environments  are 
summarized  in  Figure  10.  The  acco, crated  degradation  effec  of  the  added 
particle  bombardment  associated  with  high  abitude/deop  space  environments 
is  indicated.  The  change  in  a for  a titanium  dioxide  base  paint  (white 
Thermatrol,  Refs.  11  and  12)  is  shown  in  Figure  !1.  The  higher  degrada- 
tion rate  for  the  synchronous  orbital  altitude  associated  with  the  ATS-1  is 
also  illustrated  hero. 

Of  the  white  paints  illustrated,  7.-93  is  considered  to  be  the  most  stabb 
The  major  problems  with  this  coating  are  the  difficulty  of  application,  the 
more  complex  curing  process  and  ease  of  soiling  during  preflight  conditions. 
Therefore,  the  use  of  the  S-13,  S-13G  or  the  titanium  dioxide  base  paint, 
Dow  Corning  (DC-92-U07)  is  preferable.  Spectral  reflectance  data  are  pre- 
sented for  DC -92 -007  and  S-13C  on  Figure  12  (Ref.  0)  and  Figures  13  and  1 4 , 
from  Ref.  13.  These  data  as  noted  are  measured  at  angles  at  or  near  normal 
Reflectance  data  for  PV-1Q0  ns  utilized  on  the  Nimbus  and  ERTS  prog  rains 
are  shown  in  Figure  15  from  Ref.  14.  However,  a significant  change  in  the 
_ 

Hultquist,  A,  E,  , ct  al,  "Advanced  Thermal  Control  Materials  Develop- 
ment," LMSC  -A96787 1 , Lockheed  Missiles  and  Space  Co.,  May  1970. 

^Personal  Communication,  Aerojet  Electro -Systems  Co.,  Azusa,  Calif., 

13  July  1973. 

^Bair,  M.,  el  al, "Optical  Properties  of  Satellite  Mat  e rials , 'pDj-  *-  Copy), 
Document  No.  194100-6-F,  Infrared  and  Optics  Division,  Eiv  "'octal 

Research  Institute  of  Michigan,  Ann  Arbor,  Mich.  , July  1973, 

14 

Personal  communication,  A.  Eagles,  Central  Electric  Valley  Forge  Space 
Center,  Philadelphia,  P.- . , 2 Oct  1974  (ERTS-I  Surface  Coating  Optical 
Properties  Test  Data). 
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Tabic  2 White  Paints  Suitable  for  Spacecraft  Thermal  Control 
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Carroil,  W.  V.  , "Mariner  V Temperature  Control  Reference  Desipn,  Test 
and  Performance,"  J PL,  Pasadcrr,  Calif.  Paper  presented  at  AIAA  3rd 
Thermoohysics  Conference.,  L.  A.,  Calif.,  June  24-26,  1968. 

^P.ittenhouse,  J.  13.  , et  al,  "Space  Materials  Handbook,”  NASA  SP-3025, 
Supplement  1,  1966. 
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liguro  It.  Change  in  Soldi  Absorptunce  oi  White  The rmai.rol  Paint 


Figure  12.  Spectral  Reflectance  for  DC  92-007  White  Paint 
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WAVELENGTH,  microns 


Figure  15.  Spectral  Reflectance  of  PV-100  White  Paint  (Ref.  11) 

directional  reflectance  , would  not  be  expected  for  these  coatings  at  angles 
less  than  about  50°  since  most  nonconductors  exhibit  characteristics  as 
illustrated  in  Figure  16. 

Inspection  of  results  obtained  by  Schmidt  and  Eckert  (Ref.  8)  in  Fig- 
ure 16  shows  that  the  directional  omittance  remains  essentially  uniform  for 
angles  between  0”  and  50°;  then  drops  off  quite  rapidly  to  zero.  This  re- 
lationship is,  in  general,  in  accord  with  that  pred  ctcd  by  electromagnetic 
theory.  The  relationship  between  and  is  relatively  complex,  depend- 
ing on  the  wavelength,  refractive  index  and  dielectric  constant.  In  general, 
however,  the  ratio  € j j ^ e jsj  ior  nonconductors  falls  between  0.03  and  1.0  as 
indicated  in  Figure  7.  I'or  analysis  purposes,  the  directional  omittance  of 
any  of  these  white  paints  can  be  assumed  to  follow  the  relationships  typical 
of  those  given  in  Figure  16  for  nonconductors. 
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Figure  16 . Directional  Emittance  Data  for  Several  Electrical 
Nonconductors  (Ref.  B) 

2.  FLAT  REFLECTORS  - ALUMINUM  PAINTS 

Materials  which  exhibit  relatively  flat  wavelength  characteristics  are 
typically  referred  to  as  flat  reflectors.  These  properties  are  characterized 
by  aluminum  paints. 

Normal  emittance  characteristics  of  GE-D4D  aluminum  paint  which  is 
extensively  used  on  the  Nimbus  and  ERTS  vehicles  arc  presented  in  Figure  17. 
These  curves  were  plotted  from  raw  laboratory  data  (Ref.  14)  which  yields 
properties  of  = 0.28,  = 0.27  and  Cjj  = 0.28  (estimated)  at  room 

temperature . 

The  normal  spectral  reflectance  of  a second  aluminum  paint  is  shown 
in  Figure  18  based  on  Ref.  6 before  and  after  UV  exposure.  The  initial  prop- 
erties of  this  aluminum  paint  (Rinshed-Mason)  were  computed  as  = 0.26, 

Cpj  = 0.22.  After  2000  hours  of  laboratory  UV  exposure,  degraded  to  0.32, 
while  at  room  temperature  is  essentially  unchanged. 
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Figure  17.  Normal  Spectral  Emittance  of  GE  D4D  Aluminum  Paint  (Ref.  1-1) 


WAVELENGTH,  microns 

Figure  18.  Norma]  Spectral  Reflectance  for  TRW 
Aluminum  Paint  (Ref.  G) 


3. 


FLAT  ABSORBERS 


a.  Black  Paints 

Representative  coatings  used  as  flat  absorbers  and  their  thermal 
properties  arc  summarized  in  Table  3.  In  general,  these  classes  of  coatings 
have  been  shown  to  be  generally  stable  in  the  space  environment.  Directional 
emittanee  for  3M  Black  Velvet  paint  is  illustrated  in  Figure  l1’.  The  experi- 
mental ciata  shows  that  the  directional  omittance  is  essentially  uniform  for 
angles  up  to  45°  front  the  normal.  At  greater  angles,  the  emittanee  decrease: 
quite  rapidly.  No  data  are  shown  for  angles  greater  than  80“  , however,  the 
emittanee  would  be  expected  to  decrease  sharply  to  zero,  typical  of  the  curves 
presented  on  Figure  1 6. 

Table  3.  Representative  Black  Paints  Used  for  Spacecraft 
Thermal  Control 


Dcs  ignation 

Developer  or 
Manufacturer 

Sola  r 

Absorptaneo 

Hemispheri  cal 
Emittanee  ( c j j ^ 

n _ r 

Chemglaze, 
Z - 3 0 6 

Mughson 

Chemical 

0.  95 

0.  88 

17 

Black  Velvet 
(401) 

3M 

0.95 

0. 92 

18 

Black  Keinacryl 
Lacquer 
(M49RC-  12) 

Snerwin  - 
V.'Dliams 

0.93 

0,88 

4 

Black  Silicone 
Paint  (517-B-2) 

W.  P,  Fuller 

0.  89 

0.  88 

4 

Cat  -a  -lac  flat 
black 

Finch  Paint  fc 
Chemical  Co. 

0.  85 

0.90 

18 

At  room  temperature 

Ty 

Personal  communication,  R.  Wallace,  Lockheed  Missiles  and  Space  Co.  , 
Sunnyvale,  Calif.  10  Oct  1974. 

1 8 

Personal  communication,  G,  Borson,  Aerospac'  Corp,  , Materials  Science 
Laboratory,  5 Sept  1974. 
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Figure  19.  Directional  -Spectral  Knnii.iiu.-v  of  3M  Black  Velvet  • 
401  Paint  (Ref.  13) 


b.  Black  Anodized  Aluminum 

Anodized  aluminum  blackened  by  the  use  of  commercially  available 
dyes  has  bt  on  procluced  and  tested  for  use  as  solar  absorbers  (Ref.  19). 

Tests  conducted  (herein  have  indicated  that  these  surfaces  experience  only 
negligible  changes  in  thermal  radiation  characteristics  when  exposed  to  sim- 
ulated space  environment.  Because  the  black  paints  typical  ol  those  identified 
in  Table  3 are  generally  limited  to  temperatures  on  the  order  of  400°F,  a black 
anodized  aluminum  surface  is  ideal  where  a high,  temperature  surface  with  a 
high  omittance  and  an  aluminum  substrate  are  required  such  as  in  the  case  of 

__ 

Wade,  W.  R,  and  1).  J.  Progra,  "Effects  of  Simulated  Space  Environment 
on  Thermal  Radiation  Properties  of  Selected  Black  Coatings,"  NASA. 
TN-D-4116,  September  1967. 
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a nuclear  reactor  radiator.  In  addition,  the  organic-based  black  paints  tend 
to  deteriorate  more  rapidly  when  exposed  to  high  intensity  radiation  in  close 
proximity  to  a nuclear  reactor. 

For  this  type  of  application,  anodized  aluminum  blackened  with  an  in- 
organic dye,  CoS  (cobalt  sulfide)  has  boon  selected  as  a logical  representa- 
tive surface.  The  spectral  reflectance  for  a black  (CoS  dyed)  anodized  alu- 
minum surface  is  illustrated  in  Figures  20  and  21  both  prior  and  after  expo- 
sure to  a simulated  space  environment.  The  environment  is  specified  on  the 
subject  figures.  The  sample  used  in  these  tests  was  0.  125-inch  thick  com- 
mercially pure  aluminum  1100  sheet  anodized  under  the  following  conditions: 


Fleet rolyte 
Current  Density 
Temper  am  re 
Time 


15 To  sulfuric  acid 

2 

0.  177  5 amperes  /cm 
305"  K 

120  minutes  maximum 


To  produce  the  black  coating,  the  pores  formed  on  the  aluminum  surface  by 
the  anodizing  process  are  impregnated  by  the  CoS  dye.  The  initial  surface 
properties  prior  to  the  radiation  exposure  were  = 0.957  and  = 0,93. 

The  properties  changed  only  slightly  after  exposure.  The  thermal  omittance 
was  obtained  utilizing  a heated  cavity  reflectometcr  (with  the  sample  at 
approximately  300°K)  which  yields  the  normal  omittance  (i^).  The  value 
of  ijj  is  estimated  as  0,87  utilizing  Figure  7. 

C.  CLEAR  ANODIZED  ALUMINUM 

Bright  polished  aluminum  surfaces  which  have  been  anodized  provide 
a basic  solar  reflector  material  which  is  relatively  stable  in  the  space  envi- 
ronment. Aluminum  is  an  excellent  reflecting  material  for  radiation  in  all 
parts  of  the  spectrum,  while  the  oxide  film  produced  in  the  anodizing  process 
is  transparent  in  the  visible  region  and  relatively  opaque  in  the  IR  region. 

Tiie  normal  omittance  of  this  coating  is  a direct  function  of  the  aluminum 
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percent 


oxidt  layer  thickness  as  illustrated  in  Figure  2d.  1 lie  effect  of  the  oxide 

layer  thickness  and  temperature  on  the  hemispherical  omittance  and  solar 
absorptuncc  is  illustrated  in  Figure  23.  The  coating  is  relatively  stable  but 
does  undergo  an  increase  in  solar  absorptuncc  which  is  caused  primarily  by 
1JV  exposure,  Laboratory  and  flight  data  suggest  that  there  is  a significant 
variability  in  the  degradation  characteristics  from  batch  to  batch  even  when 
an  identical  process  is  utilized. 

Typical  changes  in  a , based  on  Orbiting  Astronomical  Observatoiy 
(OAO)  and  Orbiting  Solar  Obsevatory  (OSO)  flight  data,  are  shown  in  Figure  21, 
based  on  Ref.  20.  The  OAO  panels  consisted  of  1199  aluminum  substrate  with 
the  aluminum  oxide  layer  estimated  at  0.26  mils  v.ith  an  initial  - 0.  16, 

~ ^ 6.  The  thickness  of  tin-  OSO-H  oxide  layer  is  undefined. 

I he  normal  spectral  reflectance  of  anodized  aluminum  as  a function  of 
t.lv  Al^O^  layer  thickness  is  shown  in  Figure  25,  from  data  in  Ref.  21. 

D . OPT  I CAL  SOI  MI  REFLECTORS  (SECOND  SURFACE  M1RROTS) 

Vacuum  deposited  films  of  silver  or  aluminum  revered  with  a trans- 
parent layer  of  sufficient  thickness  to  achieve  the  desired  high  omittance  pro- 
vide an  ideal  thermal  control  surface  commonly  referred  to  as  OSR's.  These 
surfaces  have  shown  excellent  stability  in  both  near  earth  and  synchronous 
altitude  orbital  flights. 

A typical  OSR  consists  of  a film  of  vapor  deposited  silver  LIOOO  ang- 
stroms) on  a 6 mil  fused  silica  faceshcet  with  an  overcoating  of  vapor  de- 
posited inconel  metal  which  protects  the  silver  from  corrosion  or  damage 


20 

Fine,  II.  , An  Insight  into  the  Features  of  the  OAO  Thermal  Design,  ASME 
**3  -ENAs  -46,  20  Aug  1973. 

2 1 

Weaver,  J.  li.  , "Bright  Anodized  Coatings  for  Temperature  Control  of 
Space  Vehicles,"  Plating,  5_1_(19),  1165-1172,  December  1965. 
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TOTAL  SOLAP  A8SORPTANCE 


Figure  24.  Solar  Absorpfance  Degradation  of  Anodized 
Aluminum  Coatings  (Ref.  20) 

1 


while  lining  handled.  These  mirrors,  approximately  l'1  X 1',  are  then  applied 
to  a substrate  generally  with  a silicone  adhesive  such  as  KTV  615,  For  ap- 
plication on  curved  surfaces,  where  the  rigid  mirrors  are  not  ideal,  the 
metallic  films  are  deposited  on  flexible  t ransparenl  films  such  as  fluorinnted 
ethylene -propylene  (FEI1)  Teflon,  Kapton  or  Mylar. 

Typical  properties  of  rigid  OSU's  with  8 mil  focesheels  are  summar- 
ized in  Table  4. 

Table  -1,  Solar  Absorptance  and  Hemispherical  Kmittance  of  Aluminum 
and  Silver  Optical  Solar  Kclbutors  (Kef.  -1) 


OSR 

Temperature 

(R) 

a 

C 11 

Cf  / t . 

S J 1 

Silver 

260 

0.050 

0,744 

0.  067 

360 

0.050 

0.  800 

0. 063 

460 

0.0  50 

0.810 

0, 061 

Aluminum 

260 

0.  10 

C.  800 

0.  125 

360 

0.  10 

0.  810 

0.  124 

460 

0.  10 

0.  800 

0.  124 

Normal  spectra]  reflectance  of  a typical  OSR  with  silver  on  6 mil  fused 
silica  is  shown  in  Figure  .16.  Directional  spectral  omittance  for  an  Aerojet 
si’ver  OSR  measuit-d  at  angles  irom  0r  to  60°  is  presented  in  Figures  27 
and  28,  Flexible  OSR's  utilizing  Teflon  or  Mylar  arc  produced  with  varying 
thickness  which  strongly  affects  the  emittance  and  to  some  extent  the  solar 
abtorptance.  The  spectral  absorp.ance  of  silver  coated  Teflon  is  illustrated 
in  Figure  29  for  varying  thickness  of  Teflon,  based  on  data  from  Ref,  22. 


Linder,  W.,  "Scries  Emittance  Thermal  Control  Coatings, ''  Proceedings 
of  the  Joint  Air  Fo^ce-NASA  Thermal  Control  Working  Group,  16,  17 
August  1967,  AFM  L-TR -68-1  98,  Aug  1968. 
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Figure  28.  Directional  Spectral  Emittance  of  Aerojet  Second 
Surface  Mirror  (Ref.  13) 
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Figure  29.  Spectral  Absorptance  of  Silver  Coated  Teflon  (Ref.  22) 

The  corresponding  values  for  </g  and  and  the  ratio  ns  evaluated 

by  the  original  source,  are  also  shown.  An  approximate  curve  fit  to  deter- 
mine the  as  a function  of  thickness  is  shown  on  Figure  30.  Normal  spec- 
tral reflectance  of  aluminized  Mylar  is  presented  in  Figure  31.  The  reflec- 
tance of  a number  of  metallized  Mylar  films  are  compared  in  Figure  32.  The 
FEP  Teflon  films  appear  to  be  relatively  stable,  based  on  laboratory  UV  ex- 
posures. A 5 mil  thick,  silvered  Teflon  specimen  showed  no  detectable 
degradation  of  after  4600  hours  of  solar  exposure  in  a 500  nmi  orbit, 
based  on  Ref.  4,  Aluminized  FEP  Teflon  (1  mil  thick)  flown  on  the  deep 


REFLECTANCE  [..Trent 


Figure  32.  Reflectance  of  0 . *5 -M IL- Meta ] li zed 
Mylar  (Ref.  22) 


space  Mariner  V,  however,  showed  some  degradation  as  shown  in  Figure  33 
from  data  of  Ref.  15.  This  is  apparently  due  to  particle  bombardment  which 
is  expected  to  far  outweigh  the  degradation  effects  of  UV  exposure  alone. 
Aluminized  Kapton,  which  is  used  in  place  of  aluminized  Teflon  where  higher 
temperature  requirements  exist,  is  somewhat  more  sentitivc  to  UV  radiation. 
Changes  in  reflectance  following  exposure  to  UV  radiation  are  shown  in 
Figure  34. 

E,  SOLAR  CELLS 

Normal  spectral  reflectance  for  a Centralab  silicon  solar  cell  with  a 

6-mil  fused  silica  facesheet  is  presented  in  Figure  35,  The  solar  absorp- 

tance  (or  ) of  th i 1 specimen  is  0.33.  The  corresponding  value  of  based  on 
S 11 

a 70*F  sample  temperature  is  also  0.83. 
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Figure  33,  Apparent  lJi'gr.i'l.ilion  of'  A lunu  ii  * zed 
1 Mil.  FKP  JVn.,11  ( K o f.  1 E ) 


Figure  34.  Spectral  Reflectance  Changes  in  Kapton 
II  Film,  Following  Exposure  to  Ultra- 
violet Radiation  (Ref.  4) 
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Figure  35,  Normal  Spectral  Reflectance  of  Centralab 
Solar  Cell  (Ref.  6) 

Directional  spectral  emittance  for  Aerojet  solar  c ells  is  presented  in 
Figures  36  and  37  measured  at  373"K  ( 1 0 0 ° C ) and  200°K  (••73°C),  respec- 
tively. Cover-glass  thicknesses  are  not  specified  for  the  Aerojet  cells. 
Nominal  cover  glass  thickness  ordinarily  ranges  between  6 and  20  mils. 
Degradation  of  solar  cell  conversion  efficiency  may  vary  significantly  with 
cover  glass  thickness  and  the  specific  orbit  altitude  and  inclination.  How- 
ever, the  solar  absorptivity  (<*  ) and  hemispherical  emittance  (eIT)  are  reia- 

s ll 

tively  insensitive  to  cover  glass  thickness  beyond  about  6 mils  and  these 
properties  would  not  be  expected  to  vary  significantly. 

Cell  conversion  efficiencies  may  degrade  an  order  of  20  percent  over 
a three  year  period.  However,  since  the  initial  conversion  efficiency  is  on 
the  order  of  10  percent,  this  degradation  would  represent  only  a 2 percent 
increase  in  absorbed  thermal  energy  by  the  cells.  The  corresponding  in- 
crease in  solar  cell  temperature  would  be  about  3°F,  Therefore,  the  accu- 
racy of  the  data  presented  for  solar  cells  should  be  more  than  sufficient  for 
utilization  in  satellite  infrared  signature  studies. 
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Figure  37.  Directional  Spectral  Erriittance  for  Aerojet 
Solar  Cell  at  200”  K (Ref.  13) 
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APPENDIX 


SURFACE  RADIATION  PROPERTIES  FROM 
ELECTROMAGNETIC  THEORY 

Tii  obtain  accurate  infrared  signatures  of  satellites  in  orbit,  detailed 
sjiectral  and  directional  prop- rt ie s are  required.  These  surface  properties 
are  best  obtained  experimentally  and  to  Lhe  extent  available  have  neon  pre- 
sented in  this  report  for  a selected  number  of  materials  and  coatings.  How- 
ever, in  some  cases,  the  experimental  data  are  incomplete  or  insufficient 
in  scoix'  or  detail.  In  these  cases,  one  may  resort  to  physical  models  to 
predict  surface  properties,  either  empirically  or  through  fundamental  re- 
lations, to  supplement  or  replace  experimental  data, 

A method  of  providing  this  capability  to  obtain  directional  surface 
properties  from  hemispherical  and  normal  omittance  data  using  Fresnel 
relations  derived  from  electromagnetic  theory  is  presented  herein  abstracted 
from  Ref.  2 3. 

METHOD 

Task:  electromagnetic  theory  predicts  that  directional  surface 
properties  are  related  to  the  optical  constants  defined  by  the  complex  index 
of  refraction,  n: 


n = n(l  - ik)  (1) 

where  n and  k are  refraction  index  and  absorption  index,  respectively, 
and  i = \ 1 


23 


W.  Fischer,  Aerospace  Corporation,  personal  communication,  17  Nov.  74, 


Preceding  page  blank 
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Directional  omittance  cf  nonmagnetic  substances  for  uniformly 
polarized,  incident  radiation  its  given  in  lief.  3 by  (2): 

t (0)  - 1 - 1/2  Ip  (0)  t p (0 ) ] 


who 


(0)  and  p (0)  are  the  directional  reflectances  parallel  and 
perpendicular  to  the  plane  of  incidence,  respectively. 


and 


mil 


,n,  tnp  - cos  0)  + n [( t -t  k ) <y  - p ] 

Pll  U 2 ? r 2 

(nP  + cos  0)  4 n [(t  i k ) o - pw] 


PA  HD 


~ T^Tp)  " f(1  hZ)  - 

(nv  H T^To)  4 ”2  f(1  " h2)  ' ^ 


0 is  the  polar  angle  of  incidence  relative  to  the  surface  normal  and  a, 
•y  are  defined  by: 


l + I — 


2 ' 

sin  0 

n2  (1  + k2), 


*\z 


. 2n 

sin  v 


(1  + k")  pn2  (1  4-  k2) 


„2  ft  -i  k") 
P “ ? 


(* 


i - k 


\ 1 4 k 


• 2n  ' 
sin  0 

(1  4 h D 


4 a 


O' 


(4) 


P,  and 


(5) 


((>) 
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= p -t  — [(1  4 kZ)  & - p2] 


1/2 


^ (1  + k2)  (1  -•  k") 


{<: 


Normal  emittance  is  obtained  for  the  case  where  6 - 0 ar  l is  f '.ven  by 


4n 


V ? 7 7 

1 (n  + 1)  + n k 


(8) 


Hemispherical  emittance  is  calculated  by  integrating  directional  omittance 
over  half  space. 


“ f < (6)  d (sin"  0) 


. 2 


(9) 


Often  only  hemispherical  and  normal  emivtance  data  are  pre  seutv^d  in 
tables  at  experimental  data.  To  obtain  valuer,  for  optical  constants,  n and  k, 
which  correspond  to  values  of  and  e^,  Etjn  (8;  and  Eqn  (9)  must  be  solved 
simultaneously.  Solution  to  these  expressions  is  a formidable  task  and 
numerical  techniques  are  employed  to  obtain  values  for  r.  and  k. 

For  perfect  dielectrics,  absorption  index,  k,  is  zero.  Thus  either 
refraction  index,  n,  or  hemispherical  emittance,  (jj,  or  normal  emittance 
wil’  uniquely  define  dielectric  surface  properties. 

Expressions  for  normal  emittance  and  hemispherical  emittance 
simplify  to 


4n  " 


4x1 


(n  + l) 


(10) 
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Often  only  hemispherical  omittance  or  normal  cniittance  values  are 
provided  for  dielectrics.  If  normal  omittance  is  provided,  a simple  solution 
for  refraction  index,  n,  results.  Conversely,  the  solution  for  refractive 
index,  n,  becomes  more  involved  when  only  hemispherical  omittance  is  pre- 
sented. Us in>;  the  Newton  Raphson  method  (Ref.  24)  a value  for  n may  be 
quickly  obtained. 
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If  experimental  data  are  not  available  to  provide  spectral  or  total 
omittance  property  values,  empirical  models,  semi-empir >cal  models,  or 
classical  mechanical  models  may  be  employed.  Selection  ot  an  appropriate 
model  to  evaluate  surface  properties  often  depends  upon  the  spectral  range 
over  which  data  are  required  or  availability  of  model  parameter  values.  Care 
should  be  exercised  to  apply  models  over  applicable  spectral  and  temperature 
ranges  and  to  use  the  most  accurate  source  of  data  available. 


2 l'raub,  .1.  F..  Iterative  Methods  for  the  Solution  of  Equations,  Prenticc- 

Ila.ll  Inc.,  Engl  rwood  Cliffs,  N.  J.  , 1964,  pp.  221-224. 


- 56- 


ACRONYMS  AND  SYMBOLS 


A1 

ATS 

ERTS 

ESII 

/ 2 
e/  cm 

FEP 

OAO 

OSO 

OSR 

Sn 

T 

Ti 

V 


P 

e.  e' 


symbol  for  the  element  aluminum 
Applications  Technology  Satellite- 
Earth  Resources  Technology  Satellite 
equivalent  sun  hours 

integrated  exposure  of  electrons  per  square  centimeter  of 
surface  area 

fluorinated  ethylene  propylene 
Orbiting  Astronomical  Observatory 
Orbiting  Solar  Observatory 
optical  solar  reflector 
symbol  for  the  element  tin 
temperature,  the  scale  as  defined 
symbol  for  the  element  titanium 
symbol  for  the  element  vanadium 

absorptance,  the  ratio  of  the  absorbed  radiant  flux  to  the 
incident  flux 

emittancc,  ratio  of  the  radiant  emission  of  a surface  to  that 
emitted  by  a blackbody  radiator  and  the  same  temperature 
and  wavelength 

reflectance,  ratio  of  reflected  radiant  flux  to  the  incident 
flux 

the  angle  measured  from  the  normal  to  a surface  to  describe 
the  directional  location  of  the  viewer  and  incident  ray, 
respectively 

the  azimuth  angle  to  describe  the  orientation  of  the  viewer 
with  respect  to  the  in  ident  ray  as  measured  in  the  plane  of 
the  surface 
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Subscript  s 

N conditions  for  incidence  or  viewing  through  an  angle  6 that  is 

essentially  normal  to  the  surface 

H conditions  for  incidence  or  viewing  over  a hemispherical 

region,  i.  c.  , 2rr  steradians  of  the  surface 

s Having  the  wavelength  distribution  of  the  sun.  When  used  in 

conjunction  with  a the  spectral  ahsorptance  ot  the  specimen 
has  been  integrated  over  the  wavelength  distribution  of  the 
sun . 

T signifies  total.  When  used  in  conjunction  with  « or  < it  repre- 

sents integration  over  all  wa vel  engths  from  0 to  infinity 

X wavelength  or  a narrow  band  of  wavelengths 

0 the  angle  measured  from  the  normal  to  the  surface  defining 

the  geometric  conditions  of  viewing 


